Fitting Experimental Transcription Data with a Comprehensive Template-Dependent Modular Kinetic Model  by Greive, Sandra J. et al.
1166 Biophysical Journal Volume 101 September 2011 1166–1174Fitting Experimental Transcription Data with a Comprehensive
Template-Dependent Modular Kinetic ModelSandra J. Greive,†‡ Brandon A. Dyer,† Steven E. Weitzel,† Jim P. Goodarzi,† Lisa J. Main,†
and Peter H. von Hippel†*
†Institute of Molecular Biology and Department of Chemistry, University of Oregon, Eugene, Oregon; and ‡Department of Biological Chemistry,
John Innes Centre, Norwich, United KingdomABSTRACT In the companion article, we developed a modular scheme for representing the kinetics of transcription elongation
by RNA polymerase. As an example of how to use these approaches, in this article we use a comprehensive modular model of
this sort to fit experimental transcript elongation results obtained on the canonical tR2 template of phage l by means of comple-
mentary bulk gel electrophoresis and surface plasmon resonance assays. The gel electrophoresis results, obtained in experi-
ments quenched at various times after initiation of transcription, provide distributions of RNA lengths as a function of time. The
surface plasmon resonance methods were used to monitor increases and decreases in the total mass of transcription elongation
complexes in the same experiments. The different measures of transcription dynamics that these methods provide allow us to
use them in combination to obtain a set of largely robust and well-defined kinetic parameters. The results show that our modular
approach can be used to develop and test predictive kinetic schemes that can be fit to real transcription elongation data. They
also suggest that these approaches can be extended to simulate the kinetics of other processes that involve the processive
extension or shortening of nucleic acid chains and related systems of sequential branching reaction events.INTRODUCTIONOverview of transcription mechanisms
and the experimental measurement
and definition of kinetic parameters
RNA transcription is an integral part of the process of gene
expression, beginning with initiation and progressing
through the elongation phase to termination. The initiation
to elongation conversion occurs once the nascent RNA tran-
script reaches 11–14 nucleotides (nts) in length, at which
point the nucleic acid scaffold of the transcription elonga-
tion complex (TEC) is fully formed and stable within the
upstream and downstream double-stranded template DNA.
This scaffold consists of a transcription bubble of melted
DNA (12–16 nts) that contains the 8–9 basepair RNA-
DNA hybrid, all held within and on the surface of the
core RNA polymerase (RNAP) enzyme. The nucleic acid
portion of the TEC structure remains relatively constant in
size and can move forward or backward in concert with
a series of structural changes at the active center of the
enzyme during the processes of nucleotide addition or pyro-
phosphorolysis (1,2). Transcription is tightly regulated by
the physical properties of this highly stable macromolecular
machine and can only be terminated at specific sequences orSubmitted January 12, 2011, and accepted for publication July 22, 2011.
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0006-3495/11/09/1166/9 $2.00in the presence of termination cofactors, such as r, in a
process that releases the individual components as double-
stranded DNA, nascent RNA, and free RNAP (2–7).
Furthermore RNA transcription is tightly coupled to
downstream processes such as RNA splicing and translation
(8), which are often mediated by pause signals encoded in
the DNA or nascent RNA or induced by the binding of tran-
scription cofactors (2,5,9,10). Three main types of pauses
exist: 1), class I pauses induced by a nontermination hairpin
in the nascent RNA; 2), class II pauses in which the TEC
slides or backtracks along the DNA template in response
to sequences in the downstream DNA and/or the RNA-
DNA hybrid or as a consequence of the presence or absence
of transcriptional cofactors; and 3), roadblock-induced
pauses at which forward movement coupled to nucleotide
addition is prevented by DNA-bound proteins, such as
nucleosomes, or by DNA damage or the absence of the
next template nucleoside triphosphate (NTP) (9,11–13).
During transcription, the TEC oscillates rapidly between
the pretranslocated state (where the 30-end of the nascent
RNA is positioned in the substrate binding subsite of the
RNAP, thus preventing nucleotide binding) and the post-
translocated state (where the 30-end of the nascent RNA is
in the product binding subsite and the next NTP is able to
bind). Binding of the correct or templated NTP is thought
to ‘‘pin’’ the TEC in an active state, ready to undergo nucle-
otide addition with the occupancy probability of either
translocation state being modulated by the concentration
of the next templated NTP, the sequence of the nucleic
acid scaffold, and the presence or absence of cofactors
such as NusG or NusA (14–17).doi: 10.1016/j.bpj.2011.07.043
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into alternative reaction pathways leading to paused
(including backtracked) or arrested states, with the relative
probability of entry into each alternative state determined
by the DNA sequence and by cofactor binding. In the course
of backtracking, the TEC (including the transcription bubble
and the RNA-DNA hybrid) can slide along the template
DNA in a zipperlike action, ranging between DNA template
positions corresponding to the posttranslocated state and the
position at which the 50-end of the nascent RNA is at the
upstream edge of the RNA-DNA hybrid (eight basepairs
from the active site). Entry into the active posttranslocated
state requires the TEC to slide forward along the DNA
in a stochastic process and is also influenced by sequence
or cofactor interactions (7,18).
Modeling of RNA transcription using idealized tem-
plates, as discussed in the companion article (3), has clearly
shown that stochastic events have a significant effect on the
overall rate of transcript elongation and that these events
must be accounted for when analyzing real transcription
data. In this work, we have sought to apply such an intuitive
framework of modular models (3) to create a combined and
customized model that can be used to extract kinetic infor-
mation on pausing, arrest, and termination from multiple
inputs of experimental data obtained under identical condi-
tions with the same template sequence. To this end, we have
here analyzed the kinetics of transcription on the tR2
template, as monitored by both surface plasmon resonance
(SPR) and gel electrophoresis methods, each of which
‘‘sees’’ the transcription process differently and thus pro-
vides information about it through complementary ‘‘experi-
mental windows’’. As also stated in the companion
modeling article (3), we emphasize that this approach to
parameter measurement, modeling, and fitting is general,
and can be applied to any processive enzymatic process of
sequential steps, such as DNA replication and repair, heli-
case translocation, and protein synthesis.MATERIALS AND METHODS
Details of the materials and experimental methods involved in this study,
including descriptions of the DNA oligonucleotides, the buffers and
reagents, the bulk-solution and SPR transcription assays, and data fitting
programs and methods used are described in the Supporting Material.RESULTS
A comprehensive model to describe events
that occur during the elongation phase
of transcription on a ‘‘real’’ template
In the companion article (3) we described a simple kinetic
model of template-dependent transcript elongation that
could be expanded by including additional ‘‘modular’’ ele-
ments to simulate additional ‘‘off-pathway’’ events (such
as pausing, backtracking, arrest, and/or termination) thatcan occur during the transcript elongation. These modular
elements can be assembled into a comprehensive kinetic
model to describe the steps that take place during an
in vitro RNA transcription assay on a ‘‘real’’ template,
such as tR2 (Fig. 1). We note that TECs in bulk reactions
have generally been assumed to be synchronized at the
‘‘start’’ position of transcript elongation, whether transcrip-
tion is initiated by binding RNAP to a RNA-primed nucleic
acid scaffold or by transcription from a promoter in the
absence of one NTP, leading to sequence-specific stalling
followed by transcript ‘‘walking’’ along the template to a
defined starting position. However, in the companion article
(3) we showed that this assumption is generally incorrect by
demonstrating how rapidly even ‘‘idealized’’ TECs become
desynchronized. This finding, together with evidence that
‘‘real’’ TECs can occupy at least three translocated states
(backtracked by 1 nt, pretranslocated, and posttranslocated)
(15,16), requires the inclusion of a modular kinetic element
to describe escape from these states to fit real experimental
data. Thus, the comprehensive model described here, and
modules in the companion article (Fig. 1 of Greive et al.
(3)), also include a ‘‘stall escape’’ module that describes
the simplest potential distribution of alternative states that
can occur when a TEC is stalled by the absence of the
next template-required NTP.
The effects of these multiple stalled states on observed
downstream events can be clearly seen by comparing SPR
termination profiles for transcription along the well-charac-
terized tR2 template (see Fig. S1 in the Supporting Material;
also see (19–22)). These profiles were obtained by injecting
all four NTPs onto TECs located either at theþ24 stall posi-
tion, or at the þ55 walk position located just upstream of
the þ62 terminator site (see Fig. S2). The TECs were
‘‘walked’’ to these starting positions in steps by adding
appropriate mixtures of 3 NTPs. The solution conditions
under which the experiments were run are listed in Materials
and Methods and in the Supporting Material. These experi-
ments revealed a significant reduction in the apparent rate of
termination release in the experiments initiated at the þ55
position, suggesting that, in the absence of the next required
NTP, TECs held at position þ55 enter into a paused state
with a very slow rate of escape. This result is consistent
with the sequence-dependent formation of RNA secondary
structure (see Fig. S3) and suggests that the numbers and
types of states entered into during stalling events can be
significantly sequence-dependent.
Because the rate constants for nucleotide addition (kF)
and termination release (krelease) were ~10 and >1 s
1,
respectively (equivalent to transcription from position þ24
but involving fewer nucleotide additions), stall escape at
position þ55 must be the rate-limiting step in the process
of transcription elongation to positions þ62/þ63 and termi-
nation or release at these positions, thus greatly influencing
the shape of the SPR termination profiles. This observation
is also consistent with the differences noted in the shape ofBiophysical Journal 101(5) 1166–1174
FIGURE 1 Comprehensive model for transcription that includes modules for stall escape, elongation, pausing, and termination. Transcription elongation
complexes (TECs) consist of RNA polymerase (light-shaded oval), template DNA (thin lines), nascent RNA (solid line), and bound NTP (solid squares). The
events that occur during the forward reaction (NTP catalysis, PPi release, TEC translocation, and binding of the next template-required NTP), or the reverse
reaction (pyrophosphorolysis), are lumped together within the rate constants for the forward (kF) and reverse (kR) reactions between each position (see
reaction arrows). Also shown are arrested (TECi(arrest); dark-shaded oval), backtracked (TECi(B-1); light-shaded oval without solid square (bound NTP)),
paused (light-shaded oval with polyU RNA), and terminated states. Rate constants for decay into the arrested state, and into and out of the backtracked state
from and to the NTP bound state, are shown as kþA, kþB1, and kB1, respectively. Movement into and out of the paused state from the NTP bound state is
represented by rate constants kpause and kPE, respectively, whereas entry into the terminated state is denoted by krelease. (Solid dots) Nucleotide addition events
that occur between template positions (i) and (i þ x) and (i þ n  1).
1168 Greive et al.SPR dissociation curves for termination from templates
differing in length and pause-signal composition (19).
Clearly, the overall shape of the SPR termination profile is
dependent on both the fraction of TECs in all alternative
states and the rate constants for all transcriptional events
that occur between the resumption of transcription and the
termination event, thus requiring the development of a tran-
script-specific comprehensive model for elongation to fit
these data.Fitting the models to experimental data
The modular kinetic schemes, developed in the companion
article (3) and assembled into a custom kinetic model as
described above, were used to fit the events that are seen
in real data obtained by controlled transcription on the tR2
template. These experiments were conducted using both a
quenched reaction bulk-solution transcription assay (20–22)
and a real-time SPR termination assay under nonlimiting
concentrations of NTPs and negligible concentrations of
pyrophosphate, as described above and previously (19).
Bulk-solution electrophoresis data for transcription
using the tR2 template
Because it is essential for the realistic fitting of data to math-
ematical models that as many parameters as possible beBiophysical Journal 101(5) 1166–1174determined by independent experimental means, we begin
with experimental data derived from bulk-solution tran-
scription assays that have been analyzed by gel electropho-
resis after timed quenching of the RNAP activity. In
carefully determined experiments of this sort, the gel data
establish the length of the nascent RNA chains as a function
of time, as described in the Supporting Material. We note
that such experimental data at one time-point do not distin-
guish among paused, arrested, and terminated states,
although TECs involved in shorter-lived pauses show an
increase and then a decrease in the concentration of RNA
chains of a particular length with time.
Comprehensive transcription data sets, each extending
over 90 s, were obtained on the tR2 template (see Fig. S1)
after resumption of transcription from the initial stall site
(here template position þ24) with all four NTPs. The frac-
tions of the total reaction signal in each band (representing
nascent RNA of a particular length from þ23 to þ106) at
each time-point were quantified and averaged as described
in the Supporting Material, and are displayed as a three-
dimensional surface graph in Fig. 2. Major events that
occurred during the transcription of this template, such as
pausing and termination (þ54 and þ62, respectively), are
immediately obvious and consistent with previous data for
this template (20,22). A strong band that did not change
during elongation with all four NTPs was observed at
FIGURE 3 Global fitting of experimental stall escape. Fit (solid line) of
the data for stall escape (circles and triangles) from template position þ24
with the stall escape model (see Fig. S5) using the parameters listed in
Table 1 and allowing kinetic parameters kBR, kBF, and kA to float. Residuals
between the fit and data are shown below.
FIGURE 2 Bulk-solution transcription data. Experimental data comprise
TEC fractions at each base position along template tR2 as a function of
time. Data from three separate experiments using bulk-solution gel assays
to separate RNA bands from reactions quenched at 2-s time points were
digitalized, normalized as a fraction of total intensity across nascent
RNA of all lengths for each time point, and graphed against template posi-
tion and time.
Fitting ‘‘Real’’ Transcription Data 1169template position þ23, suggesting that this band corre-
sponds to a pre-stall-arrested state.
During the elongation reaction, the fraction of TECs in
the þ24 stall band decayed to a base-line value of
0.00001, suggesting that this RNA species must have con-
tained a mixture of elongation-competent, paused, and
arrested complexes. A second strong band at position þ25
did not decay and most likely represents arrested complexes
formed as a consequence of the misincorporation of an un-
templated NTP (23). The two termination sites at template
positions þ62 and þ63 are clearly visible and the corre-
sponding RNA bands continued to accumulate slowly over
time. Bands corresponding to weak pauses with durations
longer than 4 s are visible at template positions þ46, þ 52,
and þ54 and likely reflect the formation of secondary struc-
ture in the nascent RNA (see Fig. S3), as may several other
weak pauses located closer to the end of the template. The
run-off band at template position þ106 represents the
most abundant RNA product and begins to appear within
10–20 s after the addition of the elongation mix. These
data can be used to calculate an apparent (per nt) average
elongation rate, kF,app, of ~5–10 s
1. However, this calcula-
tion includes the contributions of a number of major pauses
before and after the terminator positions, and when these are
excluded the average apparent transcription rate becomes
~15 s1 (see the Supporting Material). These datasets
were partitioned by plotting the fractional occupancy at
particular template positions against time, allowing exclu-
sive focus on specific major transcriptional events such as
stall escape (þ24, see Fig. 3) and pausing (þ54; see Fig. 4).
Fitting the kinetic stall-escape module to elongation data
from stall position þ24 on the tR2 template
Because the timing of transcription processes is directly
affected by early events (see above), it is vital to include
these events in the model used to fit the data. For purposesof such data-fitting, each significant event was examined
sequentially by adding the specified kinetic module to the
comprehensive model, beginning with escape from the
stalled state at template position þ24. As discussed previ-
ously, even for the simplest idealized model in which all
the TECs begin in the active NTP bound state, the first
nucleotide addition event during transcription from a partic-
ular template position does not occur synchronously
because this event is driven by a combination of random
steps within the processes of translocation and nucleotide
addition. Such asynchronous behavior becomes more com-
plicated under experimental conditions that result in the
artificial stalling of TECs at particular template positions,
by the absence of the next template-required NTP (at posi-
tion þ24 in this case), because some stalled TECs may
decay into arrested states. As a consequence, the RNA sig-
nals become dispersed over multiple states and require
analysis by the stall escape model described in Fig. 1.
For simplicity, and consistent with experiments on
numerous templates, the stall escape module of the com-
prehensive model includes only one backtracked state
atþ24 (Fig. 1 and (15,16)), which can decay into an arrested
state with rate constant kA. Because this is an irreversible
reaction in the absence of Gre factors, the model does not
include a reverse rate constant. Upon NTP addition, this
backtracked state, but not the arrested state at this nascent
RNA length (þ24), returns to the NTP-bound active state
via sequential diffusion-driven translocation events throughBiophysical Journal 101(5) 1166–1174
TABLE 1 Parameters used in fitting escape from stalled
complexes
State
Fraction at
time ¼ 0 s
Fraction at
time ¼ 0 s
Rate
constants Values (s1)
NTP-bound 0 kNTP,F Fast
kNTP,R
Posttranslocated 0.15 0.75 kTrans,F Very fast
kTrans,R
Pretranslocated 0.6 kBR 1
kBF 32
Backtracked 0.25 0.25 kA 0.001
Arrested 0.00001 0.00001
FIGURE 4 Global fitting of bulk-solution transcription pause data with
the comprehensive model. Fit (solid line) to the data from two independent
experiments for the fraction TECs over time at template position þ54
(circles and triangles), using a comprehensive model comprising the stall
escape and the pause modules (see Fig. S4 and Fig. S2, respectively) and
using the parameters listed in Table 2. Rate constants kPE,x and kpause,x
were allowed to float.
1170 Greive et al.the intervening pre- and posttranslocated states and then
NTP binding, with rate constants kBR, ktrans,F, and kNTP,F,
respectively (Fig. 1 and see the Supporting Material). To
reduce the number of parameters involved in fitting the
data, a simplified version of this model (described above
and in Fig. 6 in Greive et al. (3)) was used in the analysis.
In this model, the rates of movement of the TECs from
the backtracked state at the stall position through the pre-
and posttranslocated states to the NTP-bound active state,
were taken together by using only the rate-limiting value
for the return of the backtracked states to the pretranslocated
state as a ‘‘lumped’’ rate constant in Eqs. 10–12 of the
companion article (3).
Many of the parameters required for the stall escape
model can be determined directly from these and other
experiments. The relative fraction of total TECs in each
state at time zero has been deduced from foot-printing
studies (15,16), showing that the majority of the TECs
were in the pretranslocated state (0.6 from Toulokhonov
et al. (16)) and the rest divided between the posttranslocated
(0.15) and backtracked (0.25) states (Table 1 (16)). How-
ever, because the rate constants for ktrans,F and kNTP,F are
large compared to kBR, the movement between the back-
tracked and the pretranslocated states (kBR) becomes the
rate-limiting step. The model was further simplified by
combining the above three steps into one, defined by theBiophysical Journal 101(5) 1166–1174rate constant of the slowest reaction, kBR, (Fig. 1) and by
summing the fractions of the TECs located in the pre- and
posttranslocated states (Table 1). Based on these data, the
fraction of þ24 TECs in the posttranslocated, pretranslo-
cated, and backtracked states were estimated to be 0.15,
0.6, and 0.25, respectively (16). Because we used a simpli-
fied model that combined the pre- and posttranslocated
states with the NTP-bound state, the initial fraction of
TECs in the nonbacktracked state was set at 0.75, corre-
sponding to the sum of the fractions of the total TECs in
the pre- and posttranslocated states as determined above
(Table 1). The TECs that failed to undergo elongation
from position þ24 during the time-course of the experiment
(fraction ¼ 0.00001) were considered to be in an arrested
state (Fig. 2 and Table 1).
In fitting these data, the arrested and misincorporated, or
arrested states observed at positions þ23 and þ25, respec-
tively, were ignored, because the relative fraction of TECs
comprising these two species did not change during the
time-course of the experiments (90 s; Fig. 2). The three data-
sets that tracked the escape of the TECs from stall
position þ24 were globally fit to the model for stall escape,
allowing the three rate constants for decay into the arrested
state (kA), movement from the 1 backtracked position
through the pretranslocated position into the active NTP-
bound state (kBR), and the reverse reaction (kBF), to float
during this process. Because the average elongation rate
(kF) in the gel assays appeared to be ~15 nt s
1 (see the Sup-
porting Material), kF was set at this value during fitting
whereas kR was maintained at 0.0001s
1. Under standard
conditions of excess NTP, the fit values for these three
rate constants were determined as 0.001, 1, and 32 s1,
respectively (Table 1). The resulting global fit of this model
to all three datasets for the stall escape process was merely
adequate, as shown by a root mean-squared deviation
(RMSD) value of 0.05 and large residuals (Fig. 3), suggest-
ing that the fit was most likely perturbed by the presence of
other undefined prestall or stall states and experimental error
(discussed below and in the Supporting Material).
The value of the ‘‘apparent’’ equilibrium constant for the
lumped reaction, kBF/kBR, was found to be robust when sub-
jected to F-statistic analysis (estimated 90% confidence
TABLE 2 Kinetic parameters determined by fitting the
comprehensive model to the gel bulk-solution and SPR data
Template position State RMSD
Rate
constants Values (s1)
þ54 (gel fit) Paused 0.05 kpause,x 4
kPE,x 0.1
þ54 (SPR fit) Paused 0.004 kpause,x 29
kPE,x 0.1
þ62 Pretermination pause 0.004 kpause 99
kPE 0.001
þ62 Terminated 0.004 krelease 1
Fitting ‘‘Real’’ Transcription Data 1171limits 20–60) (24). The individual values of these two
parameters are not as well determined because these param-
eters exhibit strong cross correlation, where an increase in
the mean-square deviation caused by a change in the value
of one parameter can be partially compensated by a change
in the value of the other. The lower limit of the 90% confi-
dence interval for kBF and kBR is 10 and 0.3 s
1, whereas
the upper limit is undefined (see the Supporting Material).
The 90% confidence intervals for kA were found to be
0.001–0.019 s1 when the ratio of the rate constants for
kBF and kBR was held at the value of the apparent equilib-
rium constant. These parameter values were maintained
with excellent fit quality (RMSD of <0.001) when the
model was fit to the average of these three data sets. Given
the robust nature of the values determined for the rate
constants for stall escape, these parameters were inserted
into the comprehensive model discussed below and used
to fit the downstream transcriptional events in the bulk tran-
scription data (Fig. 2; and see the Supporting Material).
Fitting a combined kinetic model to transcription data
that includes a pause
As described above, the template sequence that contains the
tR2 terminator (see Fig. S1) used in this study also con-
tained a number of pause sites located upstream of termina-
tion positions þ62 and þ63. Pause signals were considered
significant if the maximum fraction of TECs that remain
at the pause position on the template for longer than 4 s
is >0.08. One such upstream pause site was identified on
the tR2 template at position þ54 (Fig. 2). We suspect that
this pause is caused by the secondary structure predicted
to form in the nascent RNA upstream of the þ44 position
(see Fig. S3). Hence, this pause is likely to be predicted
by thermodynamic models that account for such structures
in the nascent RNA, and not by those that focus simply on
the RNA-DNA hybrid sequence (25,26). To deal with this
situation, the module describing stall escape was grafted
onto the model for elongation over 38 template positions
from stall escape position þ24 to the tR2 terminator at
position þ62 (or TECi þ 38), thus finally providing the
framework of a comprehensive transcription model (Fig. 1).
The comprehensive model contained a pause at template
position þ54 (x ¼ 30) with independent entry and exit rate
constants (kpause,x and kPE,x; see Fig. 1 and see the Support-
ing Material). Because the gel bands from the bulk-solution
transcription assays at this pause position (þ54) included
both TECs in the active elongation-competent state and
TECs that had entered alternative paused states, these states
were summed in the model before fitting datasets #2 and #3
to obtain the fraction of TECs paused at this position. The
rate constants for entry into and exit from this pause, kpause,x
and kPE,x, were allowed to float (Fig. 4). The resulting fit
showed an RMSD value of 0.05, and the pause parameters
were determined to be 4 and 0.1 s1 for kpause,x and kPE,x,
respectively (Table 2). The inclusion of dataset #1 (Fig. 4)did not change these parameters, but did increase the
RMSD value to 0.08.
Despite this being an apparently poor fit, reflected in the
relatively large RMSD value and large residuals (Fig. 4),
these parameter values are relatively robust given that the
F-statistic analysis determined that kpause and kPE have small
and well-defined 90% confidence intervals of 1–5 and 0.01–
0.15 s1, respectively ((24), see Fig. S5 in the Supporting
Material). As for the stall escape data above, variation
between the fitted values and the experimental data was
due to a combination of undefined states before the pause
at position þ54 and experimental error (see the Supporting
Material). The second population or ‘‘wave’’ of TECs that
was seen to move through the þ54 pause at later times
may have arisen from these other states and should, in prin-
ciple, also be included in the model used to fit the data.
However, because these states are not well defined, we
have not included them.
Fitting SPR transcription termination data
with a comprehensive model
We now extend our fit of these transcription kinetic models
to include data derived from SPR assays that monitor
increases and decreases in the apparent mass of the TEC
populations in real time. Thus, these data provide comple-
mentary information to those obtained from quenched
bulk-gel electrophoresis assays. Although two discrete
termination events occur at positions þ62 and þ63 within
the tR2 terminator, we combined these events at a single
termination position for simplicity in fitting the SPR termi-
nation data to the termination module (see the Supporting
Material). Thus a comprehensive model, which includes
the module for termination at position þ62 (Fig. 1), was
assembled from the relevant component kinetic modules
(see Figs. 1 A, 4, and 6, and Fig. S2 in the Supporting Mate-
rial in Greive et al. (3)) to describe the kinetics of escape
from the stall at þ24 and the pause at þ54.
The values of the rate constants for pretermination pause
entry (kpause,n) and exit (kPE,n) were allowed to float during
the fitting process, whereas the value for dissociation of
the RNAP and the nascent RNA from the template DNA
(krelease) was held constant at 1 s
1. Analysis of the param-
eter space for krelease found that no significant change in theBiophysical Journal 101(5) 1166–1174
1172 Greive et al.shape of the termination profile was observed when using
values of this parameter that exceeded 1 s1. This is consis-
tent with the conclusion that the rate-limiting step for termi-
nation is pause entry (kpause,n), because the rate of release
(krelease) was found to be significantly faster than pause
exit (kPE; see Fig. 1), and this has been confirmed by obser-
vations from single-molecule experiments (27).
We combined the parameters previously determined from
fitting the bulk-solution gel transcription data into the
comprehensive model used to fit the SPR termination curves
and obtained an RMSD value of 0.068 and values for kpause,n
and kPE,n of 17 and 0.001 s
1, respectively. Although this fit
was relatively poor, due perhaps to several possible addi-
tional events that may have occurred during the early part
of the elongation reaction (see the Supporting Material),
a reasonably good fit (RMSD value of 0.004, Fig. 5 and
Table 2) was achieved by increasing the rate constant for
pause entry (kpause,x) at position þ54 to 29 s1, and by
reducing the average rate of elongation (kF) to 7 s
1, similar
to the apparent rate for transcription determined previously
from SPR data (19).
This supports the suggestion that the average rates of tran-
scription along DNA templates immobilized at a surface in
either SPR or single-molecule experiments may be slower
than rates measured in bulk solution, and also that the other
weak pauses known to occur on this template may
contribute synergistically to the shape of the termination
profile observed. The rate constants for pause entry (kpause,n)
and pause exit (kPE,n) at the termination position were deter-
mined to be 99 and 0.001 s1, respectively.FIGURE 5 Comprehensive model to fit the SPR termination data ob-
tained on the tR2 template. Fit of the comprehensive model (Fig. 1; solid
lines) to the average SPR termination data for transcription on a surface
(squares). Rate constants for the pause at template position (i þ x), kpause,x
and kPE,x, and the pretermination pause at position (iþ n), kpause,n and kPE,n,
were allowed to float, whereas the termination rate constant, krelease, was set
at 1 s1. The SDs of the upper and lower limits of the data are also shown
(circles and triangles, respectively).
Biophysical Journal 101(5) 1166–1174Finally, we note, as described above, that the rate-limiting
step at the termination position in these coupled reactions
was pause entry. As a consequence, we postulate that all
of the TECs that entered a paused state at this position do
not reenter the elongation-competent state, but rather may
immediately experience termination. This prediction is
consistent with observations from single-molecule experi-
ments (27).DISCUSSION
In this study, the set of kinetic transcription modules
described previously were combined to provide kinetic
models of appropriate complexity to describe the steps of
transcription (including alternative pathways) and related
repeating cyclic processes. The Brownian ratchet model of
transcription predicts that TECs will oscillate between their
pre- and their posttranslocated states (15,26,28,29). The
incoming templated NTP then serves to trap these oscil-
lating TECs in the posttranslocated state, leading to nucleo-
tide addition at the 30 end of the nascent RNA and repetition
of the cycle. This is supported by the observation that TECs
can accumulate in the pretranslocated state in the absence of
the next templated NTP (15,26,28–32).
The combined kinetic model, which was assembled from
the component kinetic modules developed in the companion
article (3), is based on the general chemical master equation.
However, to fit these models, the transcription elongation,
pausing, and termination data obtained both from traditional
bulk-solution electrophoresis assays and real-time SPR
experiments involved assumptions based on the Brownian
ratchet model described above. This modular approach,
fitted either to data that provides populations and lengths
of RNA components as a function of time (gel electropho-
resis) or to data that monitors changes in the mass of the
transcription complex in real time as subunits bind and
dissociate and the nascent RNA is elongated (SPR), has
been used to highlight both the similarities and the differ-
ences in the datasets collected by the two assay methods.
The two assays, of course, depend on different molecular
measures of the kinetic data, and thus yield parameters that
differ in robustness and standard error. Nevertheless, the fits
obtained were relatively good and show, based on the known
features of the tR2 template analyzed, that an appropriate
combination of kinetic modules can, within the limits of
the assay and the model used, provide a reasonably good
fit to the data (see the Supporting Material). This approach
has not only yielded robust kinetic parameters, but has also
shown that the kinetic model that we used provides a rela-
tively complete mechanistic picture of the steps involved
in the various processes of transcript elongation seen with
this template.
Finally our results and analysis can also be used to reveal
how these kinetic parameters interact in controlling the
overall process, and thus can be used to help to define
Fitting ‘‘Real’’ Transcription Data 1173rate-limiting steps and how they shift with changes in reac-
tion conditions.
The discrepancies between the gel electrophoresis data
for transcription of the tR2 template that we have analyzed
here and the fit to our kinetic models reveals that the suppos-
edly synchronized stalled elongation reaction must contain
alternatives to the active elongation state at various template
positions in addition to those that we have considered here
(see the Supporting Material). Indeed, others have noted a
16-nt backtracked state at þ24 on tR2 (Nikolay Zenkin,
University of Newcastle, personal communication, 2010).
In principle, these states can and should also be included
in the comprehensive model. However, the precise experi-
mental identification and fractional occupancy of these
states are beyond the scope of this study. Thus, elongation
from this mixture of prestall and stalled þ24 states could
have contributed to the appearance of a second wave of
transcription through the þ54 pause position in the bulk-
solution gel data, represented by the fraction of TECs that
moved through this position at longer time intervals
(Fig. 4 and see the Supporting Material). Although the use
of preassembled TECs on synthetic nucleic acid scaffolds
would reduce some of this complexity upstream of the stall
position, the absence of the next required NTP encourages
movement of TECs into alternative (backtracked and ar-
rested) states (10,16). Identification of these significant
added complexities has important ramifications for future
experimental design.
Fitting the comprehensive model to the SPR data using
the parameters for elongation and pausing determined
from the bulk-solution transcription data also revealed that
conducting the transcription assay on a surface in the SPR
cell somewhat alters these rate constants, as has also been
observed in single-molecule studies. We have dealt here
with this difference between the assays by reducing the
average transcription rate over the terminated transcript
length in the SPR assay by allowing the elongation rate
constant to decrease and the þ54 pause entry rate constant
to increase. These two modifications are not unreasonable,
given both that surface effects have previously been shown
to decrease transcription rates under standard conditions
(33–36) and that these modifications significantly improved
the quality of the fit of the data to the model. In addition,
several weak pauses were evident before template posi-
tion þ62 in the gel data (Fig. 2). Although lumping the
synergistic effects of these extra pauses with the kinetic
parameters for the þ54 pause, together with the combina-
tion of the two termination events at þ62 and þ63 into
one event at position þ62, are oversimplifications and fail
to account for the undefined stochastic effects that would
be introduced by retaining these individual events, these
simplifications did allow the SPR data to be fit with an
adequate degree of accuracy.
Clearly this modeling approach can be used to determine
the efficiencies and half-lives of other pauses upstream ofthe termination position. We note, as in the kinetic modeling
performed in our previous study (19), that we have assumed
in applying this modular modeling scheme to our experi-
mental elongation data that the rate of hairpin folding and
nucleic scaffold rearrangement during transcript elongation
is significantly faster than other transcriptional events, such
as nucleotide addition (37–39). This assumption can, of
course, be relaxed by adding additional terms to the compre-
hensive model, although we note that the validity of this
assumption for the experimental data analyzed here is sup-
ported by the self-consistent results we have obtained. We
note also that this type of modular kinetic scheme can be
expanded to account for the activity of termination factors
(such as r-helicase in prokaryotes) by the addition of a sepa-
rate module to our comprehensive model that describes the
binding of such factors to, and their translocation along, the
nascent RNA (5,40).SUMMARY
In this article we have applied a custom comprehensive
model assembled from a series of modular kinetic models
to fit experimental transcription data from a specific tran-
scription template under defined conditions. In addition, we
have shown how simplifying assumptions based on experi-
mental conditions or template properties, such as the absence
of dependence of the experimentally observed transcription
rates on NTP or PPi concentrations or RNA folding rates,
can easily be modified by adding additional kinetic modules
to the overall comprehensivemodel as changed experimental
conditions or template sequences require.
We have also (particularly in the Supporting Material)
shown how error analysis can be applied to such kinetic
data to determine both the validity of parameter estimates
and to demonstrate what parameters are not rate-limiting
under the conditions used and thus cannot be extracted
from the experimental data obtained. This is, of course, a
shortcoming, but also serves to focus attention on the parts
of the experiments that need to be redesigned to extract the
insensitive parameters from previously ‘‘lumped’’ apparent
equilibrium or rate constants. Finally, we emphasize, as
stated earlier and in the accompanying article (3), that these
approaches can easily be extended to apply to the regulation
of sequential and processive enzymatic processes of all
kinds that may involve similar or different types of kinetic
competition between alternative reaction pathways.SUPPORTING MATERIAL
Information on methods, error analyses, and set-up for additional computa-
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